Increased motivation for highly rewarding food is a major contributing factor to obesity. Most of the literature focuses on the mesolimbic nuclei as the core of reward behavior regulation. However, the lateral hypothalamus (LH) is also a key reward-control locus in the brain. Here we hypothesize that manipulating glucagon-like peptide-1 receptor (GLP-1R) activity selectively in the LH can profoundly affect food reward behavior, ultimately leading to obesity. Progressive ratio operant responding for sucrose was examined in male and female rats, following GLP-1R activation and pharmacological or genetic GLP-1R blockade in the LH. Ingestive behavior and metabolic parameters, as well as molecular and efferent targets, of the LH GLP-1R activation were also evaluated. Food motivation was reduced by activation of LH GLP-1R. Conversely, acute pharmacological blockade of LH GLP-1R increased food motivation but only in male rats. GLP-1R activation also induced a robust reduction in food intake and body weight. Chronic knockdown of LH GLP-1R induced by intraparenchymal delivery of an adeno-associated virus-short hairpin RNA construct was sufficient to markedly and persistently elevate ingestive behavior and body weight and ultimately resulted in a doubling of fat mass in males and females. Interestingly, increased food reinforcement was again found only in males. Our data identify the LH GLP-1R as an indispensable element of normal food reinforcement, food intake and body weight regulation. These findings also show, for we believe the first time, that brain GLP-1R manipulation can result in a robust and chronic body weight gain. The broader implications of these findings are that the LH differs between females and males in its ability to control motivated and ingestive behaviors.
INTRODUCTION
Obesity and associated metabolic diseases are continuing to increase worldwide while safe and effective obesity treatments remain elusive. As food intake and body weight are controlled by the central nervous system (CNS), understanding the complex CNS mechanisms that regulate energy homeostasis is essential for the discovery of successful antiobesity therapeutics.
The lateral hypothalamus (LH) is historically known as a critical 'feeding center' and a powerful coordinator of the drive to eat, drink and move. The key role of this nucleus in feeding control is illustrated perhaps most robustly by a profound aphagia induced by bilateral lesions of the LH. [1] [2] [3] [4] Conversely, stimulation of the LH induces eating, even in satiated rats. 5 This nucleus is also suggested to be the interface between the homeostatic and hedonic control of feeding behavior. Rats will eagerly press a lever to stimulate their LH, suggesting that LH activation itself is rewarding. [6] [7] [8] Food can be a very potent rewarding stimulus. Food consumption and reward are controlled by partly divergent and partly overlapping brain nuclei: areas that respond to hormonal and metabolic signals that are derived from the periphery and elsewhere in the brain. 9, 10 The mesolimbic neurocircuitry, especially the ventral tegmental area (VTA) and its dopaminergic projections to the nucleus accumbens (NAc), have garnered much of the attention on neural control of food reward. [11] [12] [13] However, the LH is in fact the most potent self-stimulation center in the brain, and given that hungry/food-restricted rats self-stimulate even more than fed rats, an interaction between the metabolic status and reward may require processing by this brain nucleus, 7, 14 although it is also possible that stimulation of the median forebrain bundle, which connects the VTA to the NAc and runs through the LH, may contribute to the reinforcing effects of the intracranial self-stimulation studies. 15 The LH is innervated by the hindbrain glucagon-like peptide-1 (GLP-1) neurons and GLP-1 receptors (GLP-1R) are expressed in the LH. 16 A potential reward impact of this communication is largely unexplored.
GLP-1 is an anorexigenic peptide that is produced both in the peripheral L-cells of the gastrointestinal tract and in the brain, primarily by neurons located in the nucleus of the solitary tract (NTS). 16 These neurons project to widespread, but discrete, GLP-1R-expressing brain areas. 16 Analogs of GLP-1 are currently approved for treatment of type 2 diabetes and obesity.
into the CNS reduces food intake and body weight, actions historically attributed to the hypothalamic and brainstem GLP-1R-expressing targets. [18] [19] [20] [21] More recently, central GLP-1 signaling has been linked to food (see Kanoski et al. 21 and Skibicka 22 for reviews) and drug reinforcement. [23] [24] [25] Despite the reliable and potent inhibitory effects of pharmacological activation of GLP-1R on feeding and body weight-paradoxically, pharmacological blockade of central GLP-1R, and especially knockout studies of whole-body or neuronal GLP-1R, produce only minor changes in feeding or body weight. [26] [27] [28] Collectively, this phenomenon has led to an ever-increasing view that GLP-1R is only sufficient, but not critical, for body weight control. Here, utilizing a knockdown model of LH GLP-1R, we wanted to challenge that view and propose that central, and specifically LH, GLP-1R activation is indispensable to control of ingestive and food reward behaviors and ultimately body fat mass. We further wanted to examine behavioral, molecular and efferent targets of LH GLP-1R activation. Moreover, conceivable sex differences, as well as potential sources of differential female responses, including estrous cycle, were assessed.
MATERIALS AND METHODS Animals
Male and female Sprague-Dawley rats (5 weeks of age at arrival, Charles River, Sulzfeld, Germany) were housed in a 12-h light/dark cycle (light on at 0700 hours) in individual cages with ad libitum access to chow (Teklad Global 16% Protein Rodent Diet (2016), Envigo, Huntingdon, UK) and water, unless otherwise stated. All studies were carried out with ethical permissions from the Animal Welfare Committee of the University of Gothenburg, in accordance with legal requirements of the European Community (Decree 86/609/EEC). All efforts were made to minimize suffering.
Drugs
Ex4 and the GLP-1R antagonist exendin-9 (Ex9) were purchased from Tocris (Bristol, UK), dissolved in artificial cerebrospinal fluid (Tocris; used as vehicle) and stored as aliquots at − 20°C.
Brain cannulation
Guide cannulas were implanted into the LH as previously described 29 (for details, see Supplementary Information). With the chosen coordinates, our manipulations/injections consistently reached the central, lateral and dorsal LH. Injections may have also reached the zona incerta; however, unlike the LH, this area does not express GLP-1R 16 (Supplementary Figure S1 ).
Operant conditioning
The operant conditioning procedure is used to assess the motivation to obtain a reward, in this case food reward in the form of a sucrose pellet (45 mg TestDiet, Richmond, IN, USA). Training and testing were conducted as described previously 30, 31 and in Supplementary Information. All operant response testing was performed under the progressive ratio (PR) schedule.
Effects of pharmacological LH GLP-1R activation or blockade on food intake, body weight, locomotor activity and food-motivated behavior
To test the effects of GLP-1R activation, 11-week-old rats were injected with Ex4 (0.05 or 0.15 μg) or vehicle (artificial cerebrospinal fluid), and operant conditioning response was tested 20 min after injection. Additionally impact of the estrous cycle on LH GLP-1R activation was evaluated in a separate group of 8-week-old females (see Supplementary Information). For experiments examining the effect of GLP-1R blockade, 11-week-old rats were first fasted overnight, then given a chow meal for 20 min and injected with Ex9 (10 μg) immediately after the meal. This design was modified from Hayes et al. 32 and used to elicit endogenous GLP-1 release to a controlled meal. Rats were tested in the operant conditioning task 10 min after injection. Food seeking was assessed as the number of head pokes into the feeding chamber during the 60 min operant session. Chow intake was measured 1 and 24 h after the operant testing sessions. Each treatment was counterbalanced where each condition was separated by a 4-day period. Locomotor activity was measured using horizontal infrared beams in the operant chambers (Med-Associates, Georgia, VT, USA).
GLP-1R knockdown
To knockdown the expression of the GLP-1R in the LH, a short hairpin RNA (shRNA) targeting GLP-1R transcripts was used (for details, see Schimdt et al.
24
). Preliminary in vitro studies demonstrated~88% knockdown of GLP-1R expression in a rat neuronal cell line transfected with this shRNA. 24 To knockdown GLP-1R expression in vivo, this shRNA sequence was cloned and packaged into an adeno-associated virus (AAV) (serotype 1; titer = 5.22e12) in collaboration with the Viral Core at the University of Pennsylvania. This construct was previously shown to reduce GLP-1R expression in vivo in the rat VTA by 50%. 24 A green fluorescent protein (GFP)-expressing AAV (titer = 5.0e12) was used as a control.
To determine the functional significance of endogenous GLP-1R signaling in the LH, rats were surgically implanted with LH-directed guide cannulae as described above. Once rats achieved stable sucrose-motivated behavior on PR (at 9 weeks of age), AAV-expressing GFP (AAV-GFP) or the GLP-1R shRNA (AAV-GLP-1R-shRNA) was infused bilaterally into the LH (0.5 μl per hemisphere during 5 min). Microinjectors were left in place for 10 min after infusion to allow for diffusion away from the injection site. Rats chosen for each treatment group were matched for body weight, food intake and food reinforcement parameters on PR.
Body weight and food intake were measured daily after AAV construct infusion, except for days where fasting or food restriction was applied. Motivation to self-administer sucrose was assessed using a PR schedule 3, 7 and 10 days after AAV injections. On day 7, rats were food restricted overnight to determine whether the contribution of LH GLP-1R signaling to food-motivated behavior is altered by fasting.
Three weeks after viral injections, two experiments were performed that required food restriction: fasting blood glucose measurements and subsequent oral glucose tolerance test (intraperitoneal glucose tolerance test; for details, see Supplementary Information), and a fasting/refeeding experiment.
Four weeks after AAV injection, adipose tissue was weighed and the brains were collected. Brains were dissected and the LH, NAc and NTS were collected to assess GLP-1R expression using quantitative real-time PCR (for details, see Supplementary Information). An LH-containing coronal section (10 μm) was collected from each brain to verify correct placement of AAV injections by visualizing GFP fluorescence (see Figure 4 for a representative placement).
A second smaller group of rats (n = 20, 10 males and 10 females, 13-week old) was included after the first study to determine whether there are sex differences in the effects of LH GLP-1R knockdown and to follow food intake and body weight daily without the interruptions for testing that required overnight restriction carried out in the first group of rats. In addition, another group of female rats (n = 16) was tested to further evaluate the necessity of LH GLP-1R in younger females whose body weight gain is more rapid compared with the 13-week-old females; these rats were 9 weeks at the time of AAV-shRNA infusion.
Viral tract tracing and in situ hybridization
Injections of cholera toxin subunit B and in situ hybridization were performed as previously described. 33 For detailed methods, see Supplementary Information.
Impact of Ex4 or feeding on LH gene expression
Hypothalamic neuronal cells, immortalized from four 8-week-old male mice were used to evaluate the impact of GLP-1R activation on LH neuropeptides in neurons. In order to determine whether the genes found to be altered in the immortalized hypothalamic cell line were also expressed in the LH in vivo and altered by ingestion of fat, chow or sucrose, rats were exposed to respective diets for 1 h per day for 1 week on an every other day schedule. Brains were collected, and the LH was dissected immediately after the last feeding session. Gene expression was then analyzed (see Supplementary Information and Supplementary Table for details). In each feeding group, there was one animal that ate o 0.5 g of food; these rats were eliminated from final gene analysis. . Intra-LH Ex4 infusion produced a marked increase in anorexic interleukins 1 (IL1) and 6 (IL6) and also reduced orexigenic LH neuropeptide expression (melanin-concentrated hormone (MCH)) in male rats (n). n = 14-22 (male rats). GLP-1R activation with Ex4 increased IL6 expression (o) in hypothalamic neuronal cell culture. In order to determine whether endogenous GLP-1 release also leads to similar changes within the LH, three groups of rats were allowed to eat chow, sugar or lard for 1 h. Lard meal did not alter any of the genes measured; however, a consumption of sucrose water increased LH IL6 expression (p). Data were normalized to the housekeeping gene beta-actin and are expressed as mean ± s.e.m.. n = 7-9 (male rats). ARC: arcuate nucleus of the hypothalamus; DMH: dorsomedial hypothalamus; VMH: ventromedial hypothalamus; NT: neurotensin; ORX: orexin; IL6R: IL6 receptor; Cart: cocaine-and amphetamine-related peptide. *P o0.05, **P o0.01,***Po 0.001, ****P o0.0001 compared with vehicle (artificial cerebrospinal fluid).
Statistical analysis
All the data are presented as mean ± s.e.m. Statistical significance was analyzed using t-test or one-or two-way analysis of variance with HolmSidak's multiple comparison tests, when appropriate (GraphPad Software, San Diego, CA, USA). P-values o0.05 were considered statistically significant. Further information on methods is available in Supplementary Information.
RESULTS
Acute LH-targeted GLP-1R activation is sufficient to reduce food reinforcement and ingestive behavior and affect LH neuropeptide expression Intra-LH Ex4 microinjection induced a robust reduction in foodmotivated behavior, as indicated by the reduced number of sucrose rewards earned (F (2,26) = 12.59; P = 0.0001; Figure 1a ) and reduced number of lever presses emitted for the sucrose rewards (F (2,26) = 8.727; P = 0.0013; Figure 1b ), without changes in inactive lever pressing (F (2, 26) = 0.7931; P = 0.4631; Figure 1c ) in male rats. Notably, in situ hybridization combined with viral tract tracing analyses revealed GLP-1R mRNA in~55.3% of LH cells that project to the VTA, a region that has a well-established role in mediating food reward [11] [12] [13] (Figures 1f-m) . The suppression of food intake was also very potent (F (2,26) = 11.10; P o0.0005; Figure 1d ), with Ex4-injected rats consuming only 15% of the amount they ate while injected with vehicle. At 24 h, food intake (F (2,26) = 14.49; Po 0.0001; Figure 1e ) and body weight were still significantly suppressed (Supplementary Figure S2A) by intra-LH Ex4. Both the 0.05 and 0.15 μg doses significantly suppressed reinforcement, intake and body weight relative to intra-LH vehicle injection.
In order to determine which of the LH food and rewardregulating neurochemicals are affected by LH-targeted GLP-1R activation, Ex4 was microinjected into the LH of male rats, and gene expression of candidate genes was measured. Marked, 10-fold induction of anorexic interleukins 1 (IL1) and 6 (IL6) was found, along with a reduction in melanin-concentrating hormone (MCH) (Figure 1n ). Both ILs were previously shown to mediate anorexic and weight loss effects of GLP-1 analogs. 34 We further showed that Ex4 induces IL6 in a hypothalamic neuronal cell culture, indicating that LH neurons could be one potential source of the Ex4-induced ILs (Figure 1o ). Interestingly, we found that consumption of a sucrose solution, but not lard or chow meal, leads to LH IL6 induction (Figure 1p) .
The same treatment produced a slightly less potent reinforcement and intake suppression in female rats, with the amount of sucrose rewards earned suppressed only by the higher Ex4 dose (F (2,74) = 2.81; P = 0.06; Figure 2a ). Active lever pressing did not reach significance (F (2,74) = 2.72; P = 0.07; Figure 2b ). One hour chow intake was also suppressed by the higher dose of Ex4 (F (2,76) = 15.43; P = 0.07; Figure 2d ), yet 24 h chow intake was reduced by both doses (F (2,76) = 29.51; Po0.0001; Figure 2e ). Changes in 24 h weight gained were detected only for the higher dose (Supplementary Figure S2B) . To test whether the estrous cycle stage affects behavioral impact of intra-LH Ex4 treatment, females were tested specifically in the estrus and metestrus/diestrus phases with the higher dose of Ex4 (0.15 μg), which was earlier found to be effective in females. Females in the estrus phase but not in metestrus/ diestrus responded with reduced food reinforcement to the LH GLP-1R activation (rewards earned: t 19 Figure S5) . This cycledictated divergent behavioral impact of Ex4 was mirrored by Ex4-induced molecular changes in the LH, where a marked induction of anorexic IL1 and IL6 and conversely a reduction of the orexigenic neuropeptide, orexin, was found only in the estrus-phase females (Figure 2r ). Reduction of MCH was the only drug-induced change detected in all phases of the cycle. In metestrus/diestrus, females show no changes in ILs compared with the 10-fold induction of each IL1 and IL6 in males (Supplementary Figure S6A) . Molecular changes in the LH are similar between males and females in estrus, though males still display a more potent IL induction (Supplementary Figure S6B) .
Acute LH-targeted GLP-1R blockade is sufficient to increase food reinforcement but not intake in male rats Acute pharmacological blockade of LH GLP-1R by bilateral microinjection of Ex9 led to increased food rewards earned (t 9 = 2.739, Po0.05, t 13 = 1.21, P = 0.701, t 22 = 2.16, Po0.05 for males, females, and percentage of vehicle comparison between males and females, respectively), lever presses for sucrose (t 9 = 3.59, P = 0.005, t 13 = 1.344, P = 0.201, t 22 = 2.44, Po0.05) and food-seeking behavior (t 9 = 2.66, Po0.05, t 13 = 0.756, P = 0.463, t 22 = 1.85, P = 0.07) in male but not in female rats (Figures 3a-h ) without changes in horizontal activity (Figures 3m and n) . This treatment was, however, not sufficient to increase 1 h (t 9 = 0.96, P = 0.36, t 13 = 0.903, P = 0.383, t 22 = 0.52, P = 0.61) or 24 h food intake (t 7 = 0.91, P = 0.39, t 13 = 1.054, P = 0.311, t 20 = 0.01, P = 0.98) (Figures 3i-l) . As previous experiments indicated that LH GLP-1R activation in females is only effective in the estrus phase, an additional group of rats was tested only in the estrus phase. However, even here female rats failed to increase food reinforcement or intake after bilateral LH microinjections of Ex9 (Supplementary Figure S7) .
Chronic LH-targeted GLP-1R silencing leads to increased weight gain, food intake and food reinforcement To determine whether endogenous GLP-1R signaling in the LH is necessary for control of body weight, food intake and motivation 
interactions with the estrous cycle, in female rats. In females only the higher dose of exendin-4 (Ex4) reduced the amount of sucrose rewards earned (a) and resulted in a trend to reduce the number of lever presses for the rewards (b) in a progressive ratio schedule, without changing activity at the inactive lever (c). Food ingestion was also affected in female rats but only by the higher dose of Ex4, as illustrated by a reduction in 1 (d) and 24 h (e) chow intake (n = 9-37). LH GLP-1R activation in females has divergent behavioral and molecular impact in different estrus cycle phases. Intra-LH Ex4 reduced the effort to obtain a reward (f-i) in a sucrose-motivated progressive ratio task in females in the estrus phase (E) but not metestrus or diestrus (MD) phase of their cycle. Performance on the inactive lever or locomotor activity during the task was not altered by Ex4 in any of the cycle phases (j-m). Although Ex4 potently reduced ingestive behavior in all females irrespective of the cycle phase, the reduction was enhanced for females in E (n-q). Data are expressed as mean ± s.e.m. For each measured parameter, raw values and values calculated as the percentage of vehicle response are presented in order to minimize the impact of baseline differences across the two cycle groups. n = 10-11. Behavioral differences were mirrored by similarly divergent gene expression changes induced by intra-LH Ex4 application, where a potent induction of interleukins was only detected in females in E, and a reduction in orexin or neurotensin expression was only present in E (r). A reduced expression of melanin-concentrating hormone (MCH) was the only mRNA change preserved in MD phases. Data were normalized to the housekeeping gene beta-actin and are expressed as mean ± s.e.m. n = 19: vehicle in E, n = 20: Ex4 in E, n = 8: vehicle in MD, n = 8: Ex4 in MD. *Po0.05, **P o0.01,***Po0.001, ****Po 0.0001.
for food reinforcement, AAV-GFP or AAV-GLP-1R-shRNA were administered bilaterally directly into the LH. This resulted in approximately 50% and 80% reduction (males/younger females and older females, respectively) in the GLP-1R transcript expression in rats infected with AAV-GLP-1R-shRNA when compared with controls ( Figure 4n, Supplementary Figures S8A  and B) . This treatment was sufficient to disturb normal body weight and food intake regulation in 9-week-old male rats, as
AAV-GLP-1R-shRNA rats gained significantly more weight (F (23,644) = 10.69; P o0.0001, two-way repeated-measures analysis of variance) and ate more chow than control rats (F (18,435) = 4.583; Po 0.0001) (Figures 4a and b) . Elevated food intake and weight gain were detected in the third week after the treatment and the differences persisted until the termination of the study at 4 weeks. At that point, the weight of both fat pads measured, gonadal and inguinal white adipose tissue (GWAT: t 27 = 2.86, P o 0.01 and IWAT: t 27 = 2.93, P o0.01), was also significantly higher (Figure 4d) . LH GLP-1R knockdown also resulted in a much higher food intake and weight gain upon refeeding (1 h: t 27 = 3.62, P o 0.01; 24 h: t 27 = 3.49, P o 0.01; weight: t 27 = 3.07, P o 0.01; Figure 4e ), and a slightly higher blood glucose level during an intraperitoneal glucose tolerance test (area under the curve t 33 = 1.82, P = 0.07; Figure 4c ).
Knockdown of GLP-1R in the LH significantly increased food reinforcement in ad libitum-fed male rats, as indicated by increased number of rewards earned and more lever presses emitted during the PR operant test by rats infused with intra-LH AAV-GLP-1R-shRNA compared with AAV-GFP controls (Figures 4f  and g ), with the rates of pressing the active lever nearly doubling on both testing occasions. Food seeking was also potently elevated by the treatment (Figure 4h ). These changes were not associated with nonspecific changes in locomotor activity (Figure 4i ). An identical pattern of effects was detected in fasted rats (Figures 4j-m) .
When comparing males and females, in the second experimental group, a significant increase in food intake was detected in male rats already by the end of the second week (cumulative intake: F (20, 160) = 9.95 P o0.0001; non-cumulative intake: F (21,168) = 4.48 P o 0.0001; Figures 5a and d) , and body weight gain reached significance 1 week after the onset of hyperphagia (F (22,176) = 7.57 P o0.0001; at day 19, Figure 5g ). Interestingly, females did not show a consistent hyperphagia or weight gain (Figures 5b, e and h ). The weight of the adipose tissue depots, examined 3 weeks after initiation of the knockdown of GLP-1R in the LH, doubled in males (GWAT: t 7 = 2.2, P o0.05 and IWAT: t 7 = 2.6, P o0.05, Figure 5j ), but remained unchanged in females (GWAT: t 7 = 0.4, P = 0.34 and IWAT: t 7 = 0.6, P = 0.3, Figure 5k ). Despite the large increase in fat mass and food intake, fasting blood glucose (t 7 = 0.3, P = 0.4) levels remained unchanged in male rats. Likewise, female fasting blood glucose levels were unaltered (t 6 = 1.6, P = 0.08; Figure 5m ). In stark contrast to males, females did not show any changes in food-motivated or food-seeking behaviors (Supplementary Figure S9) . Both males and females were adult (13 weeks of age) at the time of AAV infusion, and while males continued to gain weight during the entire 3-week period postinfusion, females at this age reached a weight plateau after the first 2 weeks of the study. To test whether the tapering growth rate in females is masking a potential impact of the GLP-1R knockdown, younger females (week 9, young adult) were tested. Surprisingly, these females displayed a drastically different response from the older females, where food intake (cumulative: F (27, Figure 5i) were massively impacted by the GLP-1R loss in the LH. The striking weight gain was likely due to fat gain, as at the end of the study the adipose tissue of these females nearly tripled (GWAT: t 13 = 5.9, P o 0.0001 and IWAT: t 14 = 4.7, P o 0.001, Figure 5l ). Despite the profound impact of the LH GLP-1R knockdown on chow intake and adipose mass gain, we surprisingly found no effect on food reinforcement (Supplementary Figure S10) . In an effort to not miss a potential late-developing effect in these young females or an effect only evident in the estrus phase, we additionally tested both parameters during week 4 and still found no effect (Supplementary Figure S10) of the LH GLP-1R knockdown on food motivation. Based on baseline daily feed efficiency calculations, we did not find any energy expenditure disturbances in either sex (Supplementary Figures S11A-C) ; however, we did find trends or a significant increase in feed efficiency after an overnight fast and upon re-feeding (Supplementary Figures S11D-F) , indicating that LH GLP-1R may be necessary for energy expenditure regulation in some physiological contexts.
To test whether the reduction in GLP-1R in the LH elicits potentially adaptive counter-regulatory responses within the central GLP-1 system, GLP-1R expression was measured in the NAc (core and shell included), where GLP-1 also exerts food reinforcement-suppressing effects. 31, 35 GLP-1R expression was increased more than twofold in the NAc of male rats in response to LH GLP-1R loss. Interestingly, this compensatory effect was not seen in any of the female groups (Figure 5o ). This counterregulation seems site-selective, as, for example, the NTS GLP-1R remained unaltered (Figure 5p) . Finally, we also tested whether the hindbrain preproglucagon gene, a precursor of GLP-1, was altered in all GLP-1R knockdown groups irrespective of altered physiology or behavior. We found that expression of this gene was increased (Figure 5n) , consistent with the brain GLP-1 system attempting to compensate for the loss of the LH node, indicating an interesting, and previously unexplored, capacity for adaptive compensatory plasticity within the brain GLP-1 system.
DISCUSSION
Although much is known about distinct populations of LH neurons, the metabolically relevant inputs to the LH are less clear. Here we show that the LH is a key brain area that mediates weight loss and the reward inhibitory effects of exogenous GLP-1R activation. Importantly, our data also demonstrate that the LH is a crucial site for motivated and ingestive behavior suppression driven by endogenously released GLP-1. With these results, LH emerges as one of the most important sites to date for endogenous GLP-1R activation, especially considering the size and robustness of the hyperphagia, weight gain and hypermotivation when GLP-1R in the LH are blocked and/or reduced. Although local LH GLP-1R activation was sufficient to reduce weight and reinforcement in both sexes, the effect of LH GLP-1R blockade was sex divergent, with the LH-GLP-1R signaling found to be crucial for motivated behavior control in males but disposable in females. Thus the female and male LH differs in its ability to control motivated behavior. The principal finding from these studies is that GLP-1R in the LH is required for normal body weight homeostasis and food reward control. This finding contrasts with conclusions drawn from studies carried out on GLP-1R knockout mice (for example, Finan et al., 26 Scrocchi et al.
27
and Sisley et al. 28 ), where little to no necessary contribution of CNS GLP-1R was demonstrated. Thus LH emerges as one of the most critical sites for the endogenous GLP-1 effect on energy balance and reinforcement.
In the context of food reward, the present data suggest that GLP-1, within the LH, inhibits motivation for palatable food. The effect of exogenous local LH Ex4 microinjection was fairly potent with a 30% reduction in the amount of effort the rats chose to expend for food reward. The VTA may be one of the neuroanatomical targets underlying this effect, as we found that more than half of the LH GLP-1R-expressing neurons project to the VTA. However, it is the impact of the endogenous GLP-1 in this area that is most striking, as when the GLP-1 signal is reduced acutely, male rats expend twice as much effort for the sucrose reward, indicating the crucial role of the endogenous GLP-1 in curbing food reward regulation in males. Compared with the LH, a smaller contribution was recently found with acute pharmacological blockade of GLP-1R in the dorsal part of the lateral septum 36 and with GLP-1R knockdown in the NTS. 37 In the ventral hippocampus, GLP-1R knockdown increases operant responding for food reward in non-restricted male rats (while not influencing Figure 3 . Acute pharmacological blockade of lateral hypothalamus (LH) glucagon-like peptide-1 receptor (GLP-1R) increases food reinforcement but not intake. Intra-LH microinjection of GLP-1R antagonist, Exendin 9 (Ex9; 10 μg) increased the amount of sucrose rewards earned (a, b) and the number of lever presses for the rewards (c, d) in a progressive ratio schedule, without changing activity at the inactive lever (e, f) in male rats. Similarly food-seeking (number of entries into a food dispenser) was significantly increased by this treatment in male rats (g, h). None of these parameters were altered in female rats. Food ingestion measured as 1 (i, j) and 24 h (k, l) chow intake were unaffected in either sex. Locomotor activity was also not significantly altered (m, n). Data are expressed as mean ± s.e.m. n = 8-10 (male rats: m) and n = 14 (female rats: f). *Po 0.05, **Po 0.01, # P = 0.07.
LH GLP-1R are critical for feeding and reward L López-Ferreras et al chow intake). 33 The impact of acute blockade of the GLP-1R in the LH is further supported by the enhanced food motivation detected after GLP-1R knockdown in the LH. It is of interest that the potently elevated food motivation is detected in both ad libitum-fed as well as food-restricted/re-fed male rats. This suggests that the detected food reward deregulation is robust and persists through different physiological/metabolic states.
The most striking result of GLP-1R knockdown in the LH was the persistent and potent hyperphagia: 450% increase in daily chow consumption was detected, starting 2 weeks after the knockdown. This hyperphagia likely contributes to the massive increase in body fat, where the amount of fat detected in both fat depots examined (IWAT and GWAT) doubled in males and tripled in younger females. This is perhaps the most potent collection of effects on reward behavior and metabolism of a single nucleus and one receptor-encoding gene change detected to date. These data demonstrate the important contribution of the LH GLP-1R to homeostatic physiology and behavior. Interestingly, whole-body, or CNS-specific, GLP-1R knockout in a mouse did not result in sizable change in body weight, fat mass or hyperphagia. [26] [27] [28] There could be many reasons for this discrepancy; developmental compensation or species difference (mouse vs rat) are two possible explanations. Importantly, the combinations of generally weak effects of the pharmacological blockade of the GLP-1R along with little impact of the GLP-1R knockout led to a long-standing conclusion that, while GLP-1R analogs are an attractive pharmaceutical treatment option, the endogenous GLP-1 system is not necessary or critical for body weight and behavior regulation. Thus current results contradict this view and show that CNS GLP-1R, at least at the level of the LH, is necessary for normal body weight maintenance. Of note, we found that, while acute stimulation of GLP-1R in LH was highly effective at food intake and body weight gain suppression, acute blockade was not sufficient to alter chow intake or body weight. This may suggest that acutely other GLP-1R-expressing sites are able to compensate for the loss of GLP-1R signaling, compensation that proves insufficient when LH GLP-1R is silenced in a chronic manner. Although our data also indicate that, following chronic LH GLP-1R silencing, the brain attempts to compensate for the reduced anorexic signal in the LH by potently increasing GLP-1R expression in the NAc only in males and preproglucagon in the NTS of both sexes. This is clearly not sufficient to rescue the reward and metabolic phenotype in males, although we can hypothesize that simultaneous GLP-1R knockdown in both of these sites may produce an even more pronounced reward phenotype in males. We did not find any compensation in receptors from another GLP-1R-expressing site, [37] [38] [39] the NTS, in either sex or age. Several studies revealed that peripheral hormones, ghrelin or leptin, affect food intake through actions on the LH orexin or neurotensin neurons. [40] [41] [42] [43] Leptin and GLP-1 are known to interact, and both have been shown to reduce food intake, body fat, body weight and food reward, although the impact of reduced GLP-1R signaling in the LH observed in the current study is quite distinct from that reported after LH leptin receptor knockdown. 44 Leptin receptor knockdown does not change food intake or weight in chow-fed rats, and a high-fat challenge is necessary to bring out the disturbed metabolic phenotype, which is transient. This contrasts with the robust, and long-lasting, weight and intake elevation found here after GLP-1R knockdown. Importantly, leptin receptor knockdown did not yield changes in food-motivated behavior, while potent and lasting upregulation of food motivation was found here after GLP-1R knockdown, at least in males.
Collectively, these data suggest that, while there may be some overlap in the cellular and molecular targets of leptin and GLP-1 in the LH, GLP-1 seems to stimulate a broader, at least functionally, fraction of LH cells. Interestingly, the VTA proved to be the key target site for food intake and reward effect of leptin. [45] [46] [47] For GLP-1, while many studies suggest that VTA GLP-1R are sufficient to inhibit food intake and motivation, 31, 48 no data to date exist to show that they are necessary for these behaviors.
A number of genetically and functionally distinct cell populations reside in the LH, 49 although the neuropeptides or neurotransmitters affected by GLP-1R activation remain unknown. Acuna-Goycolea and van den Pol 50 reported a possible link between GLP-1 and the LH orexin neurons, where GLP-1 depolarizes orexin neurons and increases their spike frequency ex vivo. In our study, LH GLP-1R activation reduced orexin expression but only in females. Nevertheless, a more potent molecular effect of LH GLP-1R activation was to increase IL1 and IL6 in both males and females and also in a male-derived hypothalamic cell line. These ILs are not only clearly anorexic and weight reducing but are also already clearly indicated as mediators of anorexic and weight-loss effects of GLP-1. 34 Interestingly, our data also indicate that IL6 expression levels are increased by food intake, as sucrose meal, but not fat or chow meal, increased the levels of IL6 in the LH. Of note, the hypothalamic cell line was derived from males, thus it is possible, based on our in vivo results, that had this cell line been derived from females a smaller IL6 induction would be expected, as a 5-fold increase was found in the female LH compared with a 10-fold increase in IL6 mRNA in male LH. Expression of MCH, an orexigenic LH neuropeptide, was reduced by LH GLP-1R activation in both males and females, which could contribute to both the reinforcement and adiposity effects of LH GLP-1R activation.
Sex differences were noted in response to GLP-1R activation but especially in the response to GLP-1R blockade or silencing. Females showed a similar but somewhat less potent feeding and intake inhibition after LH-targeting Ex4 microinjections, results consistent with LH GLP-1R expression which was 10-fold higher in adult males compared with females, an age-dependent sex difference. This is somewhat surprising as we have previously shown that females show a more potent feeding and food motivation inhibition after intracerebroventricular Ex4 injections. 51 However, our more recent data indicate that the LH is not a neural substrate mediating this enhanced reward response. 29 In stark contrast to the effects found in males, the LH does not seem to be a critical site for GLP-1 control of motivated behavior in females, as both the acute pharmacological and chronic genetic GLP-1R inhibition in the LH did not alter food motivation in female rats. Thus female brains may more readily compensate for the reduced LH GLP-1 signal. The molecular signature of LH GLP-1R activation was also partly sex divergent, with ILs and MCH affected in both sexes, while reduced expression of orexin and neurotensin detectable only in females, selectively in their estrus phase. In Figure 4 . Glucagon-like peptide-1 receptor (GLP-1R) in the lateral hypothalamus (LH) are necessary for normal body weight, food intake and food reinforcement control. Decreased GLP-1R expression in the LH promoted weight gain (a) and hyperphagia (b), along with small impairments in glucose tolerance (c). Knockdown of GLP-1R in the LH led to increased fat mass in gonadal and inguinal adipose tissues (GWAT and IWAT, respectively; d). The hyperphagia and increased body weight gain persisted even after food deprivation/refeeding procedure (e). Data are expressed as mean ± s.e.m. n = 14-15 (male rats). Knockdown of GLP-1R in the LH resulted in an increased amount of sucrose rewards earned (f) and increased number of lever presses for the rewards (g) in a progressive ratio schedule. In addition, food-seeking (number of entries into a food dispenser) behavior was increased (h) without concurrent changes in locomotor activity (i). Similar potentiation of food reinforcement and seeking behaviors was detected in highly motivated (fasted) rats (j-l), again without significant changes in locomotor activity (m). Data are expressed as mean ± s.e.m. n = 19-20 (9-week-old male rats). Four weeks after adeno-associated virus (AAV) construct injections, GLP-1R expression was reduced by~50% in the LH of rats treated with AAV-GLP-1R-shRNA (short hairpin RNA) compared with controls (n). Coronal brain section depicting LH-targeted infusions of control and AAV-GLP-1R-shRNA (o). Nuclear stain, DAPI (4,6-diamidino-2-phenylindole), is shown in blue. Panels (p and q) show green fluorescent protein-expressing cells in the LH. *P o0.05, **Po 0.01,***P o0.001, ****Po0.0001; # Po 0.1. DMH, dorsomedial hypothalamus; KD, knockdown; VMH, ventromedial hypothalamus.
LH GLP-1R are critical for feeding and reward L López-Ferreras et al fact, the estrus phase had a surprisingly potent effect on both molecular and behavioral outcomes of LH GLP-1R activation, which were nearly completely attenuated in females in cycle phases associated with low estrogen signaling.
Our data demonstrate that, contrary to previous findings, GLP-1R in the brain, and specifically in the LH, are indispensable for the regulation of body weight and body fat in males and females. Likewise, they are essential to curb food reward behavior in males. Considering the robust and persistent changes obtained with this single gene manipulation in the LH, this nucleus has a tremendous potential to contribute both to the development of obesity and possibly to identifying strategies to control overeating.
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MRH receives funding from Zealand Pharma and Novo Nordisk that was not used in support of these studies. All the other authors declare no conflict of interest. Figure 5 . Glucagon-like peptide-1 receptor (GLP-1R) in the lateral hypothalamus (LH) are necessary for normal body weight, body fat and food intake control in males and young females but not older females. Decreased GLP-1R expression in the LH promoted a marked, chronic, hyperphagia and weight gain in male (a, d, g) but not in female (b, e, h) rats (both sexes 13 week old on injection day). In contrast to the 13-week-old females, younger females (9 week old) presented with a massive hyperphagia (c, f) and weight gain after LH GLP-1R KD (i). Likewise, male knockdown rats have double the amount of fat (j) compared with controls, while fat mass in same age females was unaffected by the treatment (k). However, the adipose tissue weight of younger females with LH GLP-1R knockdown was nearly threefold higher compared with control rats (l). Fasted blood glucose levels are not altered by the knockdown in either sex (13 week old; m). Potential compensatory adaptations of the central GLP-1 system were assessed by determining whether the GLP-1 precursor (preproglucagon) expression in the nucleus of the solitary tract (NTS), or GLP-1R expression in the nucleus accumbens (NAc) or in the NTS, were altered in response to the LH GLP-1R knockdown. The expression of preproglucagon was increased in all three knockdown groups tested, thus irrespective of sex, age or weight gain response to the knockdown (n). A compensatory increase in GLP-1R expression was detected in NAc, a nucleus with dense connections to the LH, but interestingly this change was only detected in males (o). This elevation in males seemed to be area specific as GLP-1R expression in the NTS was not altered in males or any of the female groups. Thus chronic loss of LH GLP-1R, induced by an adenoassociated virus (AAV)-shRNA (short hairpin RNA) GLP-1R-mediated knockdown, not only increased food reinforcement behavior but also led to a marked hyperphagia and weight gain, at a level unparalleled to that found by blockade of any other GLP-1R population in rats or mice, despite compensatory changes detected outside of the LH. In conclusion, GLP-1R in the LH is a key component of normal body weight homeostasis and food reward control; LH emerges as one of the most critical sites for the endogenous GLP-1 effect on energy balance in males. Data are expressed as mean ± s.e.m. n = 10 (male rats, 5 in each treatment group); n = 10 (female rats, 5 in each treatment group) for 13-week-old rats and n = 16, 8 in each treatment group, for 9-week-old rats. GWAT: gonadal white adipose tissue, IWAT: inguinal (subcutaneous) white adipose tissue mass. M and F, males and females, respectively (13 week old at the time of AAV-shRNA infusion, and 17-18 week old at the time of tissue collection), YF: younger females, 9 week old at the time of infusion, and 15 at the time of tissue collection. Shaded gray area indicates a period of operant testing performed to capture a potential interaction of the knockdown with the estrous cycle. *Po 0.05, **P o0.01, ***P o0.001, ****P o0.0001.
